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Seedlings of Pinus resinosa Ait. grown in test tubes were inoculated with the ectomycorrhizal fungus Paxillus involutus Fr. 
Oxalic acid was identified as one of the ethanol-soluble fungistatic and (or) fungitoxic components of the rhizosphere after 
fractionation by high performance liquid chromatography, paper chromatography, and gel filtration. Simultaneous inoculation 
of P. resinosa seedlings with authentic oxalic acid and a spore suspension of Fusarium oxysporum f.sp. pini protected the 
seedlings against Fusarium root rot and decreased the sporulation of F. oxysporum in the rhizosphere when compared with 
controls lacking oxalic acid. Quantitation of oxalic acid showed a five fold increase in production by Pax. involutus in tubes 
containing P. resinosa seedlings when compared with tubes lacking seedlings. The synthesis of oxalic acid by Pax. involutus 
is, therefore, stimulated by P. resinosa root exudate. 
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On a inoculé des semis de Pinus resinosa Ait. en éprouvettes avec le champignon ectomycorhizateur Paxillus involutus Fr. 
L’acide oxalique était un des composés fongitoxiques et (ou) fongistatiques contenus dans les extraits à l’éthanol de la rhi- 
zosphère identifié au moyen de la chromatographie en phase liquide à haute performance, la chromatographie sur papier et la 
chromatographie sur gel. Le traitement de semis avec une solution d’acide oxalique et une suspension de spores de Fusarium 
oxysporum f.sp. pini a réduit la mortalité des semis et la sporulation du pathogène dans la rhizosphére des semis traités à 
l’acide oxalique en comparaison à celle des semis inoculés avec le pathogène mais sans acide oxalique. La quantification de 
l’acide oxalique a démontré cinq fois plus d’acide oxalique dans le cas de semis inoculés avec Pax. involutus que dans le cas 
d’éprouvettes inoculées avec Pax. involutus seulement. La synthèse de l’acide oxalique par ce champignon est donc stimulée 


par les exsudats racinaires de P. resinosa. 


Introduction 


Information concerning the synthesis and accumulation of 
antimicrobial compounds by ectomycorrhizal fungi is scanty, 
although over 90 ectomycorrhizal fungi have been reported to 
synthesize such substances (Marx 1973). The synthesis of 
polyacetylene antibiotics by the ectomycorrhizal fungus 
Leucopaxillus cerealis var. piceina Peck. in vitro and in situ 
was reported by Marx (1969a, 19696) and Marx and Davey 
(1969). Otherwise, few fungi species have been chemically 
investigated. 

Only a limited number of investigations have addressed the 
synthesis of antibiotics by ectomycorrhizal fungi in vitro and in 
situ. It is difficult, therefore, to generalize about the role of 
antibiosis by ectomycorrhizal fungi in natural ecosystems. A 
better understanding of antibiotic biosynthesis will be essential 
if ectomycorrhizal fungi, or antifungal compounds synthesized 
by ectomycorrhizal fungi (Garrido et al. 1982), are to be 
employed as biological pesticides against root pathogens. 

Assessment of the potential impact of antibiotic biosynthesis 
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by ectomycorthizal fungi has been conducted commonly by 
challenging a test mycorrhizal fungus with a pathogenic fungus 
on nutrient agar slabs. Recent investigations have demon- 
strated, however, that this technique may not always be appro- 
priate because antibiosis can vary with the nutrient content of 
the growth medium (Whipps 1987) or may be modified when 
ectomycorrhizal fungi interact with root exudates (Duchesne 
et al. 19885). 

The presence of antifungal compounds produced by Paxillus 
involutus is associated with a significant increase in the 
resistance of Pinus resinosa seedlings to infection by the root 
pathogenic fungus Fusarium oxysporum Schlecht. emend 
Snyd. & Hans f.sp. pini (Duchesne et al. 1988a). The identi- 
fication of the Pax. involutus metabolites, which may be 
involved in disease suppression by this fungus, is a crucial step 
in clarifying this phenomenon and in assessing the feasibility 
of field application of Pax. involutus as a biological deterrent 
of root diseases. This paper reports the isolation and identifica- 
tion of oxalic acid as a nonvolatile fungitoxic and (or) fungi- 
Static chemical synthesized by the ectomycorrhizal fungus 
Pax. involutus in the rhizosphere of P. resinosa seedlings. 


Materials and methods 


Seedling and fungal cultivation 
Most aspects of seedling cultivation have been described elsewhere 
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(Duchesne et al. 1988a). Briefly, seeds of P. resinosa were surface 
sterilized using 30% H,O, for 45 min. The seeds were washed with 
1 L autoclaved distilled water and subsequently left to germinate in 
Petri dishes lined with wet Whatman filter paper. Ten to 12 days after 
seed sterilization, the seedlings were transferred to test tubes as 
described in Duchesne et al. (1988a). All aspects of cultivation of the 
isolates of Pax. involutus and F. oxysporum have been described 
elsewhere (Duchesne et al. 1988a). 


Inoculation with Pax. involutus 

Seedlings in test tubes were inoculated with Pax. involutus and 
incubated for 2 weeks (Duchesne et al. 1988a). Controls consisted of 
seedlings inoculated with sterile plugs of modified Melin Norkrans 
medium (MMN). After removing the seedlings, the contents of the 
tubes were extracted using 50% ethanol (Duchesne et al. 1988a). The 
crude extracts from the rhizosphere of one seedling are designated as 
1 seedling extractive equivalent (1 SEE). Fractionation of the crude 
extracts was conducted using HPLC analysis, gel filtration, and paper 
chromatography. 


HPLC analysis of crude extracts 

The crude extracts were filtered through 0.45 um Millipore nylon 
filters, and aliquots (2.5 SEE) were fractionated by reverse phase 
HPLC (Alltech Econosphere C-18, 5 um pore size, 250 x 4.6 mm). 
The elution program was executed by a Gilson 714 HPLC control 
system at a rate of 1 mL/min: water for 5 min, a linear gradient from 
100% water to 100% acetonitrile over a period of 30 min, and finally 
100% acetonitrile for 10 min. All solvents were glass distilled and 
filtered. 

Comparison was made of the fungitoxic activity of individual frac- 
tions derived from the rhizosphere of seedlings inoculated with Pax. 
involutus with those from the rhizosphere of control seedlings. The 
eluate was monitored at a wavelength of 210 nm and collected as 
1-mL fractions, which were bioassayed on F. oxysporum microconi- 
dia germination (Duchesne et al. 1988a) to determine the presence of 
fungitoxic substances. Bioassay of each of these fractions was per- 
formed on duplicate aliquots containing approximately 1 SEE of the 
extractives for a given fraction. This experiment was repeated three 
times. The results were transformed (y = arcsin X°°, before being 
compared using Student’s t-test at P < 0.01 (Sokal and Rohlf 1981). 


Gel filtration 

Further purification of the major fungitoxic peak (HPLC fractions 
3—5 min) was carried out using gel filtration on LH-20 Sephadex 
(Pharmacia). Fractions 3—5 were collected from the injection of 20 
SEE, pooled, evaporated to dryness, taken up in 1 mL distilled water, 
and loaded ona 1 x 30 cm LH-20 column bed. The column was then 
eluted with 200 mL distilled water, followed with 100 mL methanol 
each at a rate of 3 mL/min using a LKB2132 Microperpex peristaltic 
pump. The eluate was collected in 6-mL fractions and bioassayed 
using 100-nL and 1000-yL aliquots. This experiment was repeated 
twice. All detectable fungitoxic activity was eluted with water between 
36 and 66 mL. These fractions from approximately 20 SEE of crude 
extracts were pooled, evaporated to dryness, and taken up in 2.0 mL 
water. 


Paper chromatography 

Further purification of the LH-20 fungitoxic material was carried 
out by descending paper chromatography on Whatman 3MM chroma- 
tography paper eluted with 1-propanol — 1 M ammonium hydroxide 
(3:1, v/v). After drying overnight, strips (1.5 x 17 cm) were cut from 
the sides of the chromatogram. These paper strips were cut in 1.5 x 
1.0 cm pieces and placed on microscope slides in Petri dishes lined 
with wet filter paper. A F. oxysporum spore suspension (100 pL; 10° 
spores in 4% ethanol) was placed on top of each piece of paper, incu- 
bated for 14 h before fixation with lactophenol blue, and evaluated for 
microconidia germination. The bioassay detected a single fungitoxic 
band. This band on the remainder of the chromatogram, which had 
been stored at — 10°C in the dark, was extracted using 50% ethanol at 
4°C in the dark. The ethanol was evaporated to dryness and the dry 
residue was taken up in 1.5 mL water (~ 100 pL/SEE). 
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This partly purified material was analyzed on Whatman 3MM chro- 
matography paper using /-propanal — 1 M ammonium hydroxide 
(7:3, v/v), ethanol — 1 M ammonium hydroxide (19:1, v/v), and 
n-butanol — formic acid — water (4:1:5, v/v/v) and on Whatman 
silica gel 60A K6F TLC plates using methanol — 5 M ammonium 
hydroxide (4:1, v/v). The developed plates were tested for reactivity 
with iodine vapour, diazotized p-nitroaniline (Van Sumere et al. 
1965), and bromophenol blue (0.3%) plus methyl red (0.1%) in 95% 
ethanol (Ting and Dugger 1965). 


Protective effect of oxalic acid 

The ED,g value of authentic oxalic acid on F. oxysporum micro- 
conidia germination was determined by incubating spores of this fun- 
gus with different quantities of the chemical (20—3000 yg/100 pL). 
The value was found to be 50 ug/100 uL under our assay conditions. 
Eighty seedlings in test tubes were inoculated with F. oxysporum (10° 
spores) 1 day after transfer to the tubes, to each of which 1 mL of a 
filter-sterilized aqueous solution of oxalic acid (125 pg/mL; 125 pg = 
2.5 X EDs ) was also added. This quantity of oxalic acid was used 
because the total fungitoxic activity of the rhizosphere of one seedling 
inoculated with Pax. involutus is equivalent to 2.50 ED; value 
(Duchesne et al. 1988a, 1988b). Controls consisted of 40 seedlings 
inoculated with 1 mL filter-sterilized distilled water. Survival of the 
seedlings and sporulation of F. oxysporum in the tubes were assessed 
2 weeks after inoculation, as described elsewhere (Duchesne et al. 
1988a), This experiment was repeated three times. Statistical analysis 
of seedling survival was carried out using the G-statistics at P < 
0.01, whereas statistical analysis of F. oxysporum sporulation was 
carried out using the t-test at P < 0.01 (Sokal and Rohlf 1981). 


Quantitation of oxalic acid 

The oxalic acid content of rhizosphere extracts of seedlings inocu- 
lated with Pax. involutus was compared with that of seedlings alone 
and with that of Pax. involutus from test tubes without seedlings. 
Inoculation of the seedlings with Pax. involutus or discs of sterile 
MMN medium was as in Duchesne et al. (19884) and inoculation of 
tubes without seedlings as in Duchesne ef al. (1988). Rhizosphere 
extracts were prepared 2 weeks after inoculation of the seedlings, as 
described previously. 

Quantitation of oxalic acid was performed using the HPLC proce- 
dure developed by Lapeyrie et al. (1987). Aqueous samples (5 SEE) 
were adsorbed onto QAE-Sephadex anion exchange resin and eluted 
with HCl. The HCI fraction was collected, evaporated to dryness 
under reduced pressure, and left overnight in a desiccator with KOH 
pellets. The samples were then dissolved in 0.05 M H,SO, containing 
10 mM succinic acid (as internal standard) and filtered through a Gel- 
man Acro LCS3S 0.45-um filter assembly. Aliquots containing 0.05 
SEE were analyzed using an Aminex HPX87H column (300 x 7.6 
mm) (BioRad). The samples were eluted with 0.05 M H,SO, at a flow 
rate of 0.6 mL/min and the eluate was monitored at 210 nm. The area 
of the oxalic acid peak in the samples was proportional to that of 
authentic oxalic acid injected over the range of 0.05—1 yg. The 
recovery of authentic oxalic acid through this procedure (85%) was 
similar to that of Redgwell (1980). This experiment was repeated 
three times and statistical analysis was carried out using the 
Mann-Whitney U-test at P < 0.01 (Sokal and Rohlf 1981). 


Results 


HPLC analysis of crude extracts 

HPLC analysis of the rhizosphere crude extracts indicated 
the presence of newly produced compounds or compounds pre- 
sent in greater quantities in the rhizosphere of P. resinosa 
seedlings after the inoculation with Pax. involutus. Examples 
of these compounds include peaks eluting at 16, 21, 39, and 41 
min (Fig. 1). Preliminary experiments revealed that most of 
the fungitoxic activity of the crude extracts from the rhizo- 
sphere of seedlings inoculated with Pax. involutus was eluted 
within the first 20 min of the elution program; therefore, no 
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Fic. 1. HPLC analysis of crude extracts from the rhizosphere of 
Pinus resinosa seedlings. (A) Control seedlings. (B) Seedlings inocu- 
lated with Paxillus involutus. 


further attempt was made to isolate fungitoxic chemicals from 
fractions 21—45. The fungitoxic activity from inoculated 
seedlings was eluted in three major bioactive fractions at 3—5, 
11, and 15 min, whereas no detectable fungitoxic activity of 
the rhizosphere extracts of the control seedlings was observed 
(Table 1). Characterization of the peaks eluting at 11 and 15 
min was not successful. 

Further purification of HPLC fractions 3—5 using LH-20 
gel filtration indicated the presence of a single fungitoxic 
substance that comigrated with authentic oxalic acid on chro- 
matography paper and silica gel plates. As with authentic 
oxalic acid, the purified material did not react with iodine 
vapor and diazotized p-nitroaniline, whereas it tested positive 
with the bromophenol blue — methyl] red reagent to indicate an 
acidic property. 

Furthermore, analysis of crude rhizosphere extracts directly 
by paper chromatography (/-propanol — 1 M ammonium 
hydroxide (7:3, v/v)) or by anion exchange chromatography 
according to Redgwell (1980) yielded a major fungitoxic com- 
pound with the chromatographic (TLC, HPLC) and test reagent 
properties of authentic oxalic acid. 


Protective effect of oxalic acid 

The treatment of P. resinosa seedlings with authentic oxalic 
acid had a protective effect against Fusarium root rot, since the 
seedling survival rate (61%) was significantly greater than that 
of control seedlings (23%) (Fig. 2; Table 2). The protective 
effect of oxalic acid was also associated with a 43% suppres- 
sion of the sporulation of F. oxysporum in the rhizosphere of 
the seedlings (Table 2). 
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TABLE 1. Fungitoxic activity of crude 

extracts from the rhizosphere of Pinus 

resinosa seedlings inoculated with Paxillus 
involutus after HPLC fractionation 


% Fusarium germination 


Fraction Pax. involutus Control 
1 92 99 
2 89 101 
3 22a 98a 
4 0a 98a 
5 42a 104a 
6 82 100 
7 90 96 
8 90 96 
9 95 100 

10 91 93 
11 4la 9la 
12 86 97 
13 89 98 
14 82 97 
15 47a 97a 
16 97 100 
17 91 94 
18 86 93 
19 92 93 
20 94 97 
21—45 100 100 


Note: The eluent was collected in 1-mL fractions 
that were evaporated to dryness and bioassayed for 
fungitoxic activity on Fusarium oxysporum microconi- 
dia germination. Fractions 1-20 were assayed 
separately, whereas fractions 21—45 were pooled. 
Within lines, values followed by a letter are signifi- 
cantly different at P < 0.01; the values are based on an 
average of three repetitions. 


Quantitation of oxalic acid 

The inoculation of P. resinosa seedlings with Pax. involutus 
resulted in greater concentrations of oxalic acid in the rhizo- 
sphere of these seedlings compared with seedlings inoculated 
with plugs of sterile MMN medium (Table 3). The presence of 
P. resinosa seedlings in the tubes stimulated the synthesis of 
oxalic acid by Pax. involutus since the oxalic acid concentra- 
tion in tubes containing Pax. involutus and P. resinosa 
seedlings was fivefold greater than the concentration of oxalic 
acid in tubes inoculated with Pax. involutus but without 
seedlings (Table 3). 


Discussion 


The synthesis of oxalic acid has been reported in numerous 
fungal species (Hodgkinson 1977). It has been postulated that 
oxalic acid acts as a weathering agent in soils (Cromack 
et al. 1979; Entry et al. 1987), and its biosynthesis by Pax. 
involutus has been postulated as reducing calcium toxicity in 
calcicole soils (Lapeyrie and Bruchet 1986). The results from 
this investigation suggest that oxalic acid may also participate 
in disease protection by Pax. involutus. 

In the present study, oxalic acid was isolated as a fungitoxic 
and (or) fungistatic component from the rhizosphere of 
P. resinosa seedlings inoculated with Pax. involutus. The con- 
centration of oxalic acid in the rhizosphere of the seedlings is 
low, however, compared with the overall fungitoxic activity of 
the extracts. In previous experiments, it was observed that the 
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Fic. 2. (A) Seedlings of Pinus resinosa inoculated with authentic oxalic acid (125 pg/seedling; 21 pg/mL) and Fusarium oxysporum. (B) Seed- 
lings inoculated with autoclaved distilled water and F. oxysporum. 


TABLE 2. Protective effect of oxalic acid 
against Fusarium root rot of Pinus resinosa 


Seedling Sporulation of 

survival F. oxysporum 
Treatment (%) (106 spores/tube) 
Oxalic acid 61.4a 2.75a 
Control 22.6b 4.83b 


Note: Within columns, values followed by a different 
letter are significantly different at P < 0.01; the values are 
based on an average of three repetitions. Seedlings were 
treated with an aqueous solution of authentic oxalic acid 
(125 pg/seedling). 


thizosphere of one P. resinosa seedling inoculated with Pax. 
involutus contains ~2.5 EDs, values (Duchesne et al. 19882, 
19885). The quantities of oxalic acid observed in the present 
experiment, however, can only account for 0.20 EDso value 
(8.83 ug/ SEE), since the EDso value of authentic oxalic acid in 
the same assay conditions is 50 ng. Three hypotheses could 
account for this discrepancy. First, other fungitoxic and (or) 
fungistatic chemicals of the rhizosphere may have comigrated 
with oxalic acid in all of the solvent systems used in this 
experiment, thus yielding a high apparent bioactivity. If this 
were the case, such substances must be chemically similar to 
oxalic acid, since all the methods used in this paper led to the 
isolation of oxalic acid as the only fungitoxic substance in 
HPLC fractions 3—5. Second, other chemicals present in the 
rhizosphere may enhance the biological activity of oxalic acid, 
thus lowering its apparent EDsọ value in situ. Fractions 11 and 
15 from HPLC analysis and other chemicals not found fungi- 
toxic may be involved in enhancing the effect of oxalic acid. 
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TABLE 3. Concentration of oxalic acid in the 
rhizosphere of Pinus resinosa seedlings inocu- 
lated with Paxillus involutus 


Origin of Oxalic acid 
extractives (ug/tube) 
Control seedlings <0.33a 
Pax. involutus in tubes 
Nutrient solution only 1.79b 
With P. resinosa seedlings 8.33c 


Note: Values followed by a different letter are signifi- 
cantly different at P < 0.01; the values are based on an 
average of three repetitions. 


Third, chemicals present in the rhizosphere, particularly 
metals capable of chelating with oxalic acid, may form strong 
complexes with oxalic acid and lower its effective concentra- 
tion in the rhizosphere. 

Another reason why the contribution of oxalic acid to disease 
suppression by Pax. involutus remains uncertain is that, 
although the results presented in this paper suggest that oxalic 
acid may be involved in this phenomenon, it has yet to be 
demonstrated that oxalic acid is present in the rhizosphere of 
the seedlings at a time that coincides with the onset of seedling 
protection (Duchesne et al. 1989b). Further investigation is 
needed to address this question. 

The mechanisms involved in the stimulation of oxalic acid 
biosynthesis by P. resinosa root exudate have not been deter- 
mined. The work of Lapeyrie et al. (1987) showed that the 
synthesis of oxalic acid by Pax. involutus can be influenced in 
vitro by the content of nitrogen, calcium, and carbonates in the 
culture medium. It is possible that these factors are also 
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involved in the stimulation of antibiosis by Pax. involutus in 
the rhizosphere of P. resinosa seedlings. An understanding of 
these factors may help manipulate Pax. involutus, or edaphic 
conditions, for enhanced disease suppression. Our results 
do not indicate, however, whether the stimulation of oxalate 
synthesis in the rhizosphere of the seedlings is the result of 
enhanced fungal growth or of differential gene expression in 
Pax. involutus. 

The treatment of seedlings with authentic oxalic acid led to a 
43% decrease in the sporulation of the pathogen in the rhizo- 
sphere of the seedlings. In other experiments (Duchesne et al. 
1988a, 1988), inoculation of seedlings or root exudate with 
Pax. involutus led to 80% depression in the sporulation of the 
pathogen in the rhizosphere of the seedlings. Since the quan- 
tities of oxalic acid used in this experiment corresponded to the 
overall fungitoxic activity of the rhizosphere of seedlings 
inoculated with Pax. involutus, one would expect pathogen 
suppression to be similar whether seedlings were treated with 
authentic oxalic acid or inoculated with Pax. involutus. These 
results suggest that mechanisms other than, or in addition to, 
the synthesis of antifungal compounds participate in disease 
suppression by Pax. involutus. Since pathogen reduction was 
identical when either root exudate or seedlings were inoculated 
with Pax. involutus and F. oxysporum (Duchesne et al. 1988a, 
19885), it is likely that these other possible suppressive mech- 
anisms are generated by the fungus rather than by the plant. 

The present data provides support for the contention that the 
study of the synthesis of antimicrobial compounds by ectomy- 
corrhizal fungi can contribute to the development of means of 
control for root pathogens in forest nurseries (Duchesne 1988; 
Duchesne et al. 1989a). The use of oxalic acid as a pesticide in 
forest nurseries does not appear to have been examined, but 
more studies are required before field application of this 
chemical could be envisioned. In particular, the protective 
effect of oxalic acid in soils must be ascertained against a 
number of pathogens, and its environmental effects, including 
its long-term impact on seedling growth, have to be assessed. 
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